To measure the refractive index (RI) of the mammalian corneal stroma in relation to hydration in vitro and human corneal stroma before and after LASIK. METHODS. RI at the anterior stromal surface of bovine corneal buttons was measured after the epithelium was scraped away. Samples were weighed and oven dried to calculate hydration. RI of the stromal bed surface was measured with a modified hand-held Abbé refractometer immediately before and after excimer laser photoablation. Thirty-one untreated persons (group 1: 44 corneas; age range, 19 -65 years) and eight retreated patients (group 2: 10 corneas) were examined. RESULTS. RI of bovine stromal surface was significantly associated with hydration (H) (RI ϭ 1.4067 Ϫ 0.00599H, r ϭ Ϫ0.9079, P Ͻ 0.001). Photoablation significantly increased the RI of the midstroma (group 1: 1.3721 Ϯ 0.0041 to 1.3839 Ϯ 0.0050; group 2: 1.3717 Ϯ 0.0038 to 1.3819 Ϯ 0.0039). Differences between groups were not significant. In group 1 (n ϭ 31), change in RI (⌬RI) was significantly related to preoperative RI (⌬RI ϭ 1.155 Ϫ 0.833RI, r ϭ 0.595, P Ͻ 0.001) and RI was significantly related to age (x) (RI ϭ 1.3634 ϩ 0.00026x, r ϭ 0.603, P Ͻ 0.001). CONCLUSIONS. Mammalian corneal stromal RI correlates with hydration. LASIK significantly increases the refractive index of the treated stromal bed, and this equates to an average change in hydration from 4.3 to 2.9. For individual cases, change in RI is associated with the pre-op RI. The lack of any difference between untreated and re-treated corneas suggests that with time hydration returns back to normal levels. The RI in the older corneal stroma is slightly higher relative to the RI in the younger corneal stroma. (Invest Ophthalmol Vis Sci.
P
hotorefractive keratectomy (PRK) and laser-assisted in situ keratomileusis (LASIK) are refractive surgical procedures where the corneal stroma is laid bare for a few minutes just before, during, and immediately after application of the excimer laser. The hydration and thickness of the stroma changes once the overlying epithelium is removed. [1] [2] [3] [4] [5] Under normal circumstances the epithelium is a sufficiently impermeable layer that contributes to the physiological process that maintains stromal hydration within a limited narrow range. Other intricate mechanisms affecting stromal hydration include the nature, dimensions, and distances separating stromal collagen fibers. 6 Any disruption of stromal collagen the interfibrillar separation has the potential to affect stromal hydration. Therefore, during the actual course of excimer laser treatment, stromal hydration could be affected by alteration of collagen. Also, during treatment there is a substantial increase in corneal temperature 7 and this is expected to further contribute to water loss from the stromal bed by evaporation. A change in hydration can affect stromal transparency, which in turn can affect vision. 8, 9 The association between stromal hydration and transparency is significant but a major departure from normal levels of hydration has to occur before visual acuity is affected. 8 In theory, stromal refractive index is a function of stromal hydration. 10, 11 Therefore, a change in stromal hydration could affect stromal refractive index, which in turn would alter corneal optics and influence the optical performance of the eye. It is possible that the patient will become free of refractive error, but the final quality of the corrected vision may be compromised because some ocular aberrations may be inadvertently enhanced or the optical apparatus of the eye may become less transparent. Currently, there is great interest in custom excimer laser photoablation, in which the chief purpose is to maximize the optical performance of the eye by controlling the aberrations of the whole eye. These techniques are welcome; however, the procedures assume that the cornea has a specific and unchanging hydration and refractive index. The information obtained by measuring the refractive index of the corneal stroma in vivo before and after LASIK could be used to improve further the accuracy of these customized procedures. If we could measure the stromal hydration or refractive index just before and immediately after application of the excimer laser, we would have a better understanding of the true extent of any dehydration directly caused by the photoablative treatment.
Stromal hydration and refractive index can be measured ex vivo, and the information may help us to estimate the change in stromal hydration during LASIK. Techniques for estimating stromal hydration in vitro are available, [12] [13] [14] [15] but they are cumbersome and difficult to incorporate in the operating theater where PRK or LASIK procedures are conducted. The refractive index of the corneal surface has been measured in vivo using a modified Abbé refractometer. 16 The purposes of this investigation were to (1) evaluate the relationship between stromal hydration and refractive index in vitro; (2) examine the effects of air exposure on the refractive index of the stroma after removing the epithelium in vitro; (3) measure stromal refractive index immediately before and after the application of excimer laser in routine cases of LASIK; and (4) use this information to predict whether there is a significant change in hydration as a direct consequence of excimer laser photoablation.
To the best of our knowledge, this is the first report in which the refractive index of the human corneal stroma has The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
been studied during the LASIK procedure in an experimental manner.
METHODS

Theoretical Relationship between the Stromal Refractive Index and Hydration
Hydration is defined as the mass of water present in the tissue divided by a mass of nonaqueous material. The normal hydration of the stroma measured in vitro varies from 3.5 mg H 2 O/mg dry tissue 2 to 3.7 mg H 2 O/mg dry tissue. 17 In theory, a monotonic relationship exists between stromal refractive index and hydration. 10, 11 The basis of these refractive index-hydration models stem from the Gladstone-Dale law, 18 which equates the refractive index of a fluid mixture with the refractive indices and relative concentrations of the individual constituents that make up the mixture. The model developed by Fatt and Harris 10 in its simplified form is:
where N s is the refractive index of stroma; H is the hydration of stroma; E is the density of water divided by the density of the nonaqueous (dry) material in the stroma. Fatt and Harris 10 report E ϭ 0.67. Because the stromal thickness is directly proportional to stromal hydration, 19 -21 the hydration term in a refractive index-hydration model can be replaced with the thickness. Laing et al. 11 developed a model predicting changes in corneal refractive index in relation to changes in thickness as follows:
where N s is the refractive index of stroma; N 1 is the refractive index of normal stroma (1.376 
where H 1 is the normal hydration of the stroma, and H 2 is the new hydration of the stroma. Both models predict that, for a normal H of 3.5, N s ϭ 1.376. In summary, for the normal stroma when there is a decrease in hydration and thickness, there is a corresponding increase in refractive index and vice versa.
To test these models, we measured the refractive index of corneal samples over a range of H.
Measurement of Stromal Refractive Index and Hydration In Vitro
The refractive index of bovine corneal samples was measured with a standard Abbé bench model refractometer (Ealing Electro-Optical, Watford, UK). Ten bovine eyes were obtained from a local abattoir. The eyes were removed and transported in a sealed moist chamber with a conjunctival flap to prevent desiccation. The epithelium was removed by gently scraping with a scalpel blade. The cornea was removed from the globe by cutting just within the limbus, and the anterior stromal surface was placed on the measuring prism table of the refractometer. The preliminary adjustments and calibration of the refractometer were performed earlier, in accordance with the supplier's instructions. Using a standard sodium light (sodium D line), we read off the refractive index. The cornea was weighed using a chemical balance and placed in a moist chamber from 1 to 2 hours to allow the sample to dehydrate slowly. Refractive index was again measured, and the sample was weighed and returned to the moist chamber. The cycle was repeated two more times. The sample was dehydrated to calculate H by placing the cornea in a dry oven for 3 days at 80°C to 90°C. All corneal samples were obtained within 30 minutes of death. Bovine samples were used because for economic reasons, they were available 
Effects of Exposure on Stromal Refractive Index Ex Vivo
Human eyes were obtained from donors soon after death or from patients undergoing enucleation because of melanoma. In all cases, the first measurement was taken within 1 hour after death or enucleation. The epithelium was removed by gently scraping it away with a scalpel blade. The refractive index of the anterior stromal surface was measured with the bench model refractometer. Refractive index measurements were repeated 5 minutes over the following 0.5 hour. Between measurements, the cornea was exposed to air. The room temperature and relative humidity ranged from 20°C to 23°C and 55% to 60%, respectively. The refractometer calibration was checked according to the manufacturer's instructions before any measurements of corneal samples. Three human eyes were investigated.
Refractive Index of Stroma before and after LASIK In Vivo
The refractive index of the corneal surface has been measured in vivo using a refractometer. 16 In the present study, the refractive index of the stroma was measured using a modified refractometer (Abbé pocket refractometer; Bellingham & Stanley Ltd., Tunbridge Wells, UK). This particular model is normally used to measure refractive index of sugar solutions. The prism box is opened, and a drop of the liquid is placed on the clean polished surface of the measurement block. The prism box is closed, and the device is pointed toward a light source. The observer views, through the refractometer eyepiece, a circular field with a vertical scale passing through the center. The field of view consists of dark and light regions separated by a horizontal line of demarcation. The position of this boundary line as it crosses the vertical scale is recorded. The scale is fitted as standard and marked off in percentage of sucrose at the eyepiece graticule. A calibration chart, provided by the manufacturer, is used to convert scalar readings to refractive indexes. The scale resolution was 0.0018 U of refractive index. For our purposes, the prism box was removed, the measurement block was placed directly onto the stromal bed, and a small light source was arranged close to the measurement block to provide sufficient illumination so that a refractive index measurement could be made when viewing through the eyepiece. The refractometer was originally calibrated using 10 sucrose solutions of various concentrations (10%-40%) at 20°C. The concentrations of the samples were masked, and the codes broken at the end. The test-retest reliability of the refractometer was checked on 10 separate occasions by using a soft contact lens (Lunelle ES70; Ocular Sciences, Romsey, UK) mounted on a plastic dome to simulate the corneal stromal bed. Between measurements, the lens was cleaned with saline and returned to the storage vial. All contact surfaces were cleaned and sterilized with a standard surgical grade of alcohol before measurement in subjects.
Subjects
The study was performed in accordance with the tenets of the Declaration of Helsinki (2000). Signed consent was obtained from each Refractive Index Change after LASIK 3525 subject after they received a full explanation of the procedure and the purpose of the investigation. Each subject was a patient attending for routine LASIK. None of the subjects had any corneal complications or diseases that could adversely affect the expected outcome of LASIK or corneal refractive index.
Procedure
LASIK primary procedures and reoperations were performed by experienced surgeons (JLA, JJP-S) who used a technique that has been reported by us. 22 For reoperations, the flap was lifted with the LASIK spatula (Alió; Katena, Denville, NJ). After the flap was lifted, the stromal bed was dried with a wet sponge and ablation was performed. An excimer laser (Technolas 217C; Bausch & Lomb, Tampa, FL) was used in all cases (primary and retreatments). No drying of the cornea was performed in any case during the ablation process. In primary cases, a microkeratome (M2; Moria, Antony, France) was used, adjusting the suction ring diameter to the promediated K values of the surgically treated cornea. The flap in all cases was with 9.5 mm with a hinge of 4 mm, tentatively programmed according to the flow chart provided by the company. After the flap was created, it was lifted by the LASIK spatula (Alió; Katena), and the stromal bed was wiped with a wet sponge. After the surface was completely dry, ablation was performed with the same excimer laser. In no case was there any further drying of the cornea during the ablation process. After the experimental measurements were taken, the flap was repositioned both in retreatment and primary LASIK cases, completing the procedure according to our previously reported methods. 23 After the flap was created and lifted back, the stromal bed was checked by the surgeon for any irregularities. When the stromal bed was free of any irregularities or complications, the refractometer test block was gently lowered onto the stromal bed. A pen torch light was placed close to the eye to facilitate observation of the dark and light fields. The refractive index was read, the refractometer was gently lifted from the stromal bed, and the LASIK procedure was continued. The refractometer contact surface was wiped with alcohol. Immediately after completing the ablation, the surgeon checked the stromal bed, and the refractive index measurement was repeated. The refractometer was gently removed and the surgical procedure was completed. The stromal surface was not irrigated between refractive index measurements. Data were collected from 44 untreated and 10 re-treated corneas.
RESULTS
Bovine Stromal Refractive Index and Hydration In Vitro
The refractive index and hydration data from the bovine samples are shown in Table 1 and Figure 1 . There was a trend toward a reduced refractive index with increased hydration. Subjecting the data to standard linear regression analysis revealed that the least-squares regression data were described by R 1 ϭ 1.4067 Ϫ 0.00599H (r ϭ Ϫ0.9079, P Ͻ 0.001).
Effects of Exposure on Refractive Index of Human Corneal Stroma Ex Vivo
The initial refractive index of the anterior stromal surface of the human corneas with epithelium removed ranged from 1.372 to 1.381. The refractive index gradually increased with time, as shown in Table 2 and Figure 2 . For all three samples, an exponential function described the relationship between the refractive index and time. The numerical indexes of these relationships are noted in Figure 2 . The refractive index increased with increasing exposure time.
Calibration of the Refractometer
When we applied linear regression comparing the known concentrations of the sucrose samples with the refractometer scalar readings, the resultant correlation coefficient was 0.998. For the 10 separate measurements on the contact lens, the scale reading was 31 on eight occasions and 30 on two occasions. According to the manufacturer's scale, 30 represents a refractive index of 1.38112 and 31 an index of 1.38292. The mean Ϯ SD was 1.3826 Ϯ 0.0008. This indicates that the test-retest reliability of the refractometer was limited by the precision of the refractometer scale (0.0018).
Refractive Index of the Stroma before and after Lasik In Vivo
The midstromal refractive index was measured in 31 Table 3 . The pre-and postoperative respective mean Ϯ SD refractive indexes were 1.3721 Ϯ 0.0041 and 1.3839 Ϯ 0.0050 for the untreated group and 1.3717 Ϯ 0.0038 and 1.3819 Ϯ 0.0039 for the retreatment group. The difference between the mean refractive index before and after ablation was significant (t-test, P ϭ 5.17 ϫ 10 Ϫ20 for the untreated group and P ϭ 1.44 ϫ 10 Ϫ5 for the retreatment group). The difference in refractive index between the two groups just before (group 1) and immediately after (group 2) ablation was not significant (t-test, group 1: P ϭ 0.746; group 2: P ϭ 0.197). Within the untreated group, there was no significant difference in refractive index between men and women (t-test, P ϭ 0.7556). Application of linear regression analysis revealed (1) a significant correlation between refractive index and age in the corneas before ablation but not after ablation (n ϭ 31; before ablation: r ϭ 0.629, P ϭ 0.0002; after ablation: r ϭ 0.221, P Ͼ 0.01); (2) the correlation between the individual pairs of refractive indexes immediately before and after ablation was not significant (n ϭ 31; r ϭ 0.163, P Ͼ 0.01); and (3), for individual corneas, there was a significant correlation between the actual change in refractive index and the pretreatment refractive index (n ϭ 31; r ϭ Ϫ0.595, P ϭ 0.0004).
DISCUSSION Refractive Index and Hydration
The refractive indexes for the bovine corneal stroma are in agreement with previous results quoted in the literature. 6, 24, 25 There was a relationship between stromal hydration and refractive index, but the finer details of the relationship did not match theoretical expectations. We measured the refractive index of the anterior stromal layer and the net hydration of the entire cornea stripped of the epithelium. The theoretical relation assumes that the optical nature and distribution of water within the mammalian corneal stroma is uniform. The anterior and posterior compartments of the stroma differ in swelling properties, hydration, and the finer details of collagen fibril structure. 15,26 -29 The anterior stroma tends to be less hydrated and more resistant to water flow than the posterior stroma. Therefore, changes in overall corneal hydration may not exactly parallel changes in anterior stromal surface hydration. During measurement of refractive index, the anterior stroma may have been less hydrated than the sample as a whole, and this would yield a higher than expected refractive index. The data support the general hypothesis that the anterior stromal refractive index is a function of net stromal hydration, but the data do not lend us to favor any particular mathematical hypothesis. Thus, no particular mathematical hypothesis can be accepted or rejected.
Change in Refractive Index after Exposure to Air
The refractive index of the stromal surface gradually increased exponentially after exposure to air. This is expected, as mentioned earlier, as a direct consequence of water loss by evaporation. The refractive index increased by ϩ0.006, ϩ0.005, and ϩ0.019 in samples 1, 2, and 3, respectively, after 15 minutes of exposure, with an average change of ϩ0.0027 during the first 5 minutes. Unless there are complications, during the standard LASIK procedure, the bare stroma is not exposed to the air for more than 5 minutes. According to equations 1, 2, and 3, the refractive index would increase by ϩ0.004 to ϩ0.01 for a decline in H from 3.5 to 3.3. This hydration shift is equivalent to a 1.3% change in water content and leads us to conclude that the dehydration of the deepithelized cornea within the first 5 minutes of exposure is not expected to surpass 1%. Consequently, any change in the stromal refractive index of magnitude greater than ϩ0.0027 during photoablation must be due to other factors. It would be useful to have an indication of how much the refractive index would change under different ambient conditions of temperature and humidity. We would expect the evaporation from the stromal surface to increase further when the ambient temperature is raised above 20°C to 23°C and the relative humidity is lowered below 55% to 60%. However, our intention was to A, refractive index of stromal bed measured immediately after lifting the flap prior to photoablation; B, refractive index of stromal bed measured immediately after photoablation before closing the flap; i, both eyes treated; the first set of data are for the right eye.
* Re-treatment cases.
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estimate the change in refractive index associated with the water loss expected to occur over the typical time course of excimer laser surgical techniques under normal prevalent conditions.
Refractive Index and Age
The mean refractive index of the midstroma of the 44 normal corneas was 1.372 Ϯ 0.0021, slightly lower than the 1.376 normally quoted in the literature. 16,24,30 -32 We believe this is the first report of human corneal stromal refractive index measurement in vivo, and this value is almost identical with the more recently quoted value for the posterior stromal surfaces in vitro. 16 Figure 3 shows the intrastromal refractive index and age for 1 eye from each of the 31 untreated patients. The slight increase in refractive index of the midstroma in the older cornea was a surprise finding that could be accounted for as follows.
First, the suction ring used to stabilize the globe when the flap is created rapidly raises the IOP. When the IOP increases beyond the swelling pressure that exists in the stroma, water is expelled from the stroma, leading to a reduction in hydration. 2, 33 Second, mammalian corneal thickness may increase with age, as a direct consequence of a gradual increase in hydration, and this correlates with a decline in endothelial cell count and function. 11 Third, the actual swelling pressure reduces as the state of hydration increases 2 ; therefore, in the older stroma, we expect the starting-point hydration to be higher than in the younger stroma. Consequently, a stroma with a relatively higher starting hydration has a relatively lower starting-point swelling pressure. A lower swelling pressure requires a smaller upsurge in IOP before water is effectively expelled from the stroma. The increased IOP may be of short duration, but the time lapse between the increase in IOP and fluid flow from the stroma may be enough to affect the refractive index of the older cornea.
Effect of Excimer Laser Photoablation
The refractive index in the untreated group increased from 1.372 Ϯ 0.0041 to 1.384 Ϯ 0.0050 and in the re-treatment group from 1.372 Ϯ 0.0038 to 1.382 Ϯ 0.0039 (Fig. 4) . The results suggest that the change in intrastromal refractive index affects the overall optical performance of the eye. Using the equation of Fatt and Harris, 10 for the untreated patients, this change in refractive index is equivalent to a change in average hydration from 4.30 to 2.86. In percentage terms, the change is equivalent to a loss of water of 7% from a pretreatment average of 81%. The change in refractive index of ϩ0.012 units in the untreated group and ϩ0.010 units in the retreatment group was approximately four times greater than the ϩ0.0027 average change expected from passive evaporation of water from the stromal surface after 5 minutes of exposure to air. Clearly, the photoablative process itself is the cause of the unexpected increases in refractive index. It would be useful to monitor any changes in refractive index of the stromal surface over a time course of up to 1 hour in two groups, before and after photoablation. Such monitoring would have allowed comparison of the time course of refractive index change between the treated midstroma in vivo and the stromal surface ex vivo, but was not attempted because it would have subjected the bare stroma to unnecessary physiological stress and placed the patient in jeopardy.
Are the changes in refractive index wholly driven by an accelerated elimination of water from the surface of the stromal bed during photoablation? Immediately after photoablation of the corneal stroma with the ArF excimer laser, a pseudomembrane covers the treated region. 34, 35 According to some sources 36, 37 the excimer laser breaks up macromolecules (collagen and glycosaminoglycans [GAGs] ) in the stroma, sparing the water. The resultant pseudomembrane is a combination of photoablated material that has not been completely ejected from the surface but remains adherent to the underlying substrate. 34, 35 The expulsion of depleted material from the treated surface may accelerate the dehydration by evaporation. It is possible that the refractometer is measuring the refractive index of the pseudomembrane, which has a refractive index greater than the normal stroma. The commercially available excimer lasers for refractive surgery operate at a variety of pulse frequencies (50 -500 Hz). In practical terms, this means that some models take longer to ablate a set amount of tissue than do others. We speculate that the more aggressive lasers may influence the dynamics of the pseudomembrane in a way that affects the dehydration of the stroma. Different lasers with different exposure times may further influence the extent of stromal dehydration. After the treated surface is irrigated to remove lose debris and the flap is closed, the pseudomembrane may either remain stable or rehydrate by drawing in water from the surrounding tissue. The observed change in refractive index is unlikely to effect clinically significant levels of refraction. However, the subsequent effects on water flow within the treated cornea may adjust corneal surface topography, and this would have a significant effect on corneal aberrations and the overall optical quality of the retinal image, especially during the immediate postoperative period. Within the retreatment group, the refractive index of the previously ablated stromal bed was no different from that in the untreated eyes suggesting that, the postablation stroma gradually rehydrates during wound healing, reaching a steady state of water conduction.
The results in Figure 5 show that the lower the preoperative refractive index, the greater the expected change immediately after ablation. In turn, this infers that the higher the preoperative hydration, the greater the decrease in postoperative hydration. The post-LASIK regression and excimer laser ablation rate are both associated with stromal hydration.
3, 38 Kim and Jo 38 reported that drying the stroma just before ablation has a more pronounced immediate effect on refraction followed by a more prominent regression. This is linked with the actual amount of tissue removed during the procedure, in which the ablation rate of the stromal dry material increases when stromal hydration decreases. 3 A greater mass of collagen and GAGs is removed when less water is present, and vice versa.
In summary, undercorrection appears to be associated with relatively increased stromal hydration and lowered refractive index and overcorrection with relatively decreased stromal hydration and elevated refractive index. In theory, it should be possible to reduce the incidence of both under-and overcorrections by measuring the refractive index of the stromal surface of the individual eye just before photoablation and using this information to fine tune the laser delivery algorithm. Customized wavefront applications in refractive surgery have met and Ϯ 0.0050 (after surgery). For the retreatment group the standard deviations were Ϯ 0.0038 (before surgery) and Ϯ 0.0039 (after surgery). The difference in the refractive index before and immediately after treatment was significant (t-test, P ϭ 5.17 ϫ 10 Ϫ20 for the untreated group and P ϭ 1.44 ϫ 10 Ϫ5 for the retreatment group). with limited success in improving the clinical outcome of LASIK over more standard procedures. A possible explanation for the limited success may include stromal refractive index and hydration. Inputting individual stromal surface refractive indexes would remove the need for reliance on assumed refractive indexes, leading to an improved customized laser delivery program. This could be a crucial factor for improving the clinical success of customized wavefront applications.
